Studies have shown that specific networks (default mode network [DMN] and task positive network [TPN]) activate in an anticorrelated manner when sustaining attention. Related EEG studies are scarce and often lack behavioral validation. We performed independent component analysis (ICA) across different frequencies (source-level), using eLORETA-ICA, to extract brain-network activity during resting-state and sustained attention. We applied ICA to the voxel domain, similar to functional magnetic resonance imaging methods of analyses. The obtained components were contrasted and correlated to attentional performance (omission errors) in a large sample of healthy subjects (N = 1397). We identified one component that robustly correlated with inattention and reflected an anticorrelation of delta activity in the anterior cingulate and precuneus, and delta and theta activity in the medial prefrontal cortex and with alpha and gamma activity in medial frontal regions. We then compared this component between optimal and suboptimal attentional performers. For the latter group, we observed a greater change in component loading between resting-state and sustained attention than for the optimal performers. Following the National Institute of Mental Health Research Domain Criteria (RDoC) approach, we prospectively replicated and validated these findings in subjects with attention deficit/hyperactivity disorder. Our results provide further support for the "default mode interference hypothesis."
Introduction
Failure to sustain attention has substantial societal impact by being associated with, among others, difficulty to meet academic or work demands 1 and traffic accidents. 2 A chronic failure to sustain attention is considered a key impairment in clinical populations such as patients suffering from attention deficit/hyperactivity disorder (ADHD). 3 The importance of conceptualization of sustained attention as a dimensional in psychiatric disorders, is reflected by the inclusion of this cognitive dimension in the National Institute of Mental Health (NIMH) Research Domain Criteria (RDoC) matrix.
Inattention is thought to arise from a disrupted interplay between "task positive networks" (TPN) and "task negative networks" (TNN) such as the default mode network (DMN). The TPN are involved in task execution, whereas the TNN, including structures such as the medial prefrontal cortex (mPFC), posterior cingulate cortex (PCC), precuneus, anterior cingulate cortex (ACC), and parietal cortex (PC), 4 are considered "resting state" networks, involved in off-task processing.
The interplay (ie, an anticorrelation) between these TPN and TNN networks is related to attentional performance, also conceptualized in the "default network interference hypothesis" by Sonuga-Barke and Castellanos. 5 Following this hypothesis, attentional lapses and excessive "mind-wandering" are caused by the DMN being insufficiently downregulated during goaloriented processes, thereby disrupting activity in TPN. 5 The DMN is also referred to as a task interference network, and functional connectivity associated with such networks differentiates between ADHD and controls. 6 Furthermore, ADHD has been associated with less-pronounced or absent anticorrelations between the DMN and TPN and lower connectivity within the DMN itself. 7 Studies supporting the default network interference hypothesis demonstrated a reduced negative correlation between TPN and the DMN in ADHD. [8] [9] [10] [11] [12] [13] A meta-analysis of 55 functional magnetic resonance imaging (fMRI) studies demonstrated hyperactive DMN activity and hypoactive TPN activity during cognitive tasks in ADHD.
14 Specifically, a disconnection between the anterior cingulate and posterior components of the DMN network was observed in adults with ADHD (see Figure 1A) . 8 Thus far, the DMN has been primarily investigated using fMRI. 15 fMRI generates an indirect measure of brain activity, but fMRI-based resting state networks such as the DMN do seem to have electrophysiological underpinnings. 16 EEG studies could add insight into direct measures of brain activity and 8 where a precuneus/posterior cingulate cortex (PCC) seed region (right figure) positively (red) and negatively (blue) predicted the time series, with less precuneus and anterior cingulate cortex (ACC) connectivity in the ADHD group than in controls (left figure). (B) Color-coded maps of the EEG network obtained in this study where the colors red and blue represent power increase and decrease with increasing independent component analysis (ICA) loading value, respectively. Note the striking similarity of the right hemisphere left view of figure (B) and controls in figure (A). The posterior and anterior cingulate component in the slow EEG frequency bands (delta and theta) matches up well with the DMN network, and the frontal-midline anticorrelated activity in alpha and gamma match up well with the task positive network (TPN) as observed in fMRI studies.
the various neuronal oscillations involved in the DMN. Therefore, using EEG to study brain networks has recently gained more attention. The DMN can effectively be revealed using EEG 17 and both a spatial and temporal relationship has been found between resting state networks found with EEG and those found with fMRI 16 consisting of both low-and high-frequency fluctuations. 18 The 2 most commonly used approaches in fMRI, both based on BOLD (blood oxygen level-dependent) signal, are region-of-interest (ROI) seed-based correlation approaches and independent component analysis (ICA) methods. 19 These methods identify voxels with high correlation or anti-correlation of BOLD-signal time series with the seed-signal as reference or try to identify spatial clusters of coherent BOLD-activity without any predefined-assumptions (ICAapproach). In order to apply similar methods to fMRI for probing DMN and TPN using EEG, methods of analysis like ICA applied to the voxel domain (using "exact low resolution brain electromagnetic tomography" [eLORETA] [20] [21] [22] ), could be valuable in investigating and validating TPN and TNN. With this method, referred to as eLORETA-ICA, spatially cross-frequency coupled information is obtained. 20, 23, 24 It has been verified that EEG and fMRI resting state networks (such as the DMN) obtained using spatial ICA show similarities. 22 In this study, we wanted to investigate the "default network interference hypothesis" in relation to inattention, using an eLORETA-ICA EEG approach. To this aim we collected EEG data both during resting state as well as during an attentionally demanding task (continuous performance test [CPT] ) in a large sample of 1425 healthy participants as well as 47 patients with ADHD. We first applied an RDoC approach, where we operationalized varying degrees of attention as the number of omission errors on the CPT and studied if the level of attention is related to different changes in functional brain-network activity from rest to task than when optimally performing the task. Next, we prospectively tested this obtained network in the sample of ADHD patients for replication and validation.
Methods

Participants, Dataset 1
Normative data of 1462 participants were extracted from the Brain Resource International Database (BRID), which is a multicenter dataset (New York, Rhode Island, Nijmegen, London, Adelaide, and Sydney) using standardized equipment and methods, IRB approval for all sites, and informed consent forms signed by all participants (details about this sample have been published elsewhere [25] [26] [27] [28] ).
Complete and artifact-free EEG data recorded during resting state (eyes open; EO) and task performance (continuous performance task; CPT. For details, see Supplemental Material available online) in healthy adults were extracted, resulting in a total sample of 1425 participants after EEG processing. Data from another 28 participants were removed for several reasons (2 participants failed to meet reaction-time requirements, 6 participants had an above-criterion number of false positives and 20 participants had missing CPT data), resulting in a final sample of 1397 participants; N = 646 males (46.2%; mean age = 43.4 years, SD = 19.05) and N = 751 females (53.8%; mean age = 43.3 years, SD = 17.87). Based on a median-split, a subgroup of Attenders (ATT; N = 704), who always responded accurately on a CPT, and Non-Attenders (NA; N = 320), who failed to respond when response was required on the task more than once (ie, made >1 omission errors), were derived from this sample.
Participants, Dataset 2
The second dataset used for replication and validation purposes consisted of 47 patients diagnosed with ADHD. Data collection in these groups was based on identical recording procedures as for the first dataset. In summary, all included patients had a primary diagnosis of ADHD (inclusion was based on DSM-5 criteria 29 ) confirmed by the MINI Plus Dutch version 5.0.0 and a positive score of 5 or more items (adults) or 6 or more items (adolescents) on the self-report ADHD rating scale). 30 Also see Arns et al 31, 32 for further details of the adult sample and Elliott et al 33 for details of the adolescent sample. Six patients failed to meet the inclusion criteria for the CPT task (see below), resulting in 41 participants (68.3% males; mean age = 22.3 years, SD = 11.6).
EEG Assessment, Processing, and Analysis
Resting-state EEG recordings and CPT EEG recordings for both datasets were performed using a standardized methodology and platform (Brain Resource Ltd, Australia). EEG data were acquired from 26 channels (NuAmps; 10-20 electrode international system) and were recorded for 2 minutes with eyes open (EO) (with the participant asked to fixate on a red dot on the screen) and ~6 minutes with EO during a CPT task (CPT). Data were sampled at 500 Hz with a 100-Hz low-pass filter (DC-100 Hz), offline referenced to average mastoids with a ground at AFz. The participants were instructed to remain relaxed for the duration of the recording. The operator did not intervene when drowsiness patterns were observed in the EEG. Details on the recording and handling of the data can be found in the supplement, and exact details on the artifact rejection procedure and validation against manual de-artifacting and processing has been published. 34 Data were (1) filtered (0.3-100 Hz and notch), (2) EOG-corrected using a regression-based technique similar to that used previously, 35 ) (3) segmented in 2-second epochs, and (4) artifact rejected using an automatic procedure, further details and validation of this method can be found elsewhere. 34 This resulted in a maximum of 60 artifact-free segments for resting state EO and 20 segments during the CPT task (targets) that were subsequently used in the eLORETA analyses.
EEG eLORETA Analyses
The EEG was used for estimating the cortical source distribution of electric neuronal activity by means of the imaging method known as eLORETA. All the technical details about the derivation of the method and the proof of its main properties can be found elsewhere. 21, 36, 37 In descriptive terms, eLORETA is a 3-dimensional (3D), distributed, linear inverse solution for the EEG. It is endowed with the unique property of having exact, zero error, localization for point test sources anywhere in the brain, albeit with low spatial resolution. Because of the principles of linearity and superposition, eLORETA produces a low-resolution image of any arbitrary 3D distribution of sources of electric neuronal activity. The software implementation of the eLORETA method used in this study corresponds to the free academic software available at https://www.uzh.ch/ keyinst/loreta. An open-source implementation of the method is freely available and can be found in the supplementary material of Pascual-Marqui et al. 37 It has recently been shown in a comparative study 37 that under ideal, no-noise conditions, eLORETA outperforms many other linear inverse solutions. Similar conclusions can be found in another recent, more realistic, independent study. 38 Some recent reports providing direct experimental validation for eLORETA can be found, for instance, in Montani et al 39 where eLORETA localizes correctly well-known language-related areas, and in Göschl et al 40 and Buchholz et al 41 where eLORETA correctly localizes somatosensory-motor areas.
In a first analysis step of the current study, for each subject (N = 1397) and for each condition (EO, CPT), the sensor level EEG cross-spectrum, consisting of the cross-spectral matrices for 6 frequency bands, were computed from the collection of 2-second artifact-free epochs. The 6 frequency bands used in this study were defined as: delta (1.5-3.5 Hz), theta (4-7.5 Hz), alpha (8-13 Hz), beta (14.5-30 Hz), gamma (31-47 Hz), and EMG (70-95 Hz). Aiming to eliminate the notch bands used at different sites, we excluded the 48-to 69 Hz-range. In a second analysis step, the cortical distribution of spectral power of electric neuronal activity was computed from each EEG crossspectrum, using eLORETA. These computations, implemented in the eLORETA software, follow the same derivations described by Frei et al. 42 Note that at this point, the basic data for analysis for each subject and for each condition, consist of (6239 × 6 = 37434) values of cortical spectral power, corresponding to 6239 cortical voxels (sampled at 5-mm resolution in a realistic head model, using the MNI152 template), and to 6 frequency bands. Thus, the basic data are a function of frequency and cortical space, which can be denoted as spectralspatial data. In a third analysis step, ICA was performed on the eLORETA spectral-spatial data for both conditions (EO and CPT), with the aim of identifying functional networks. The ICA model is described in detail in the Supplemental Material. The method used in this step is similar to the one used in fMRI network analysis, for which a comprehensive review can be found in Calhoun et al. 23 Two earlier examples of use of this new method that produces spectral-spatial networks can be found in Aoki et al 20 and Milz et al. 43 Those studies include a discussion of the relation between the electrophysiological functional networks with the metabolic fMRI-based networks. To visualize the 32 obtained spectral-spatial functional networks, we set a Z-score threshold value of 3, in identical manner as used in fMRI network methodology (see, eg, Agcaoglu et al 44 ). For each subject, component loadings were obtained per network, for EO and CPT separately, corresponding to how much-signed weights-of each functional network was used for that subject, in that condition. From this, a difference score was calculated (LoadingCPT − LoadingEO), further referred to as the CHANGE-score. These CHANGEscores were used in the correlation analysis. The individual factor loadings for all components were confirmed to be normally distributed.
Statistical Analysis in Healthy Participants
Correlational analyses were employed in the first dataset to identify the network that was significantly correlated with inattention. Behavioral performance measures were not normally distributed; hence nonparametric Spearman-Brown correlations and a Bonferroni-corrected P-value threshold of P < .002 (ie, 0.05/[number of networks], two-tailed) were used. Components that significantly correlated with performance were then contrasted using an analysis of variance (ANOVA) for optimal attentional performers (no omission errors or false negatives, hereafter referred to as attenders; ATT) and suboptimal attentional performers (2 or more omission errors; referred to as non-attenders; NA) on the CPT. This contrasting analysis allowed to prospectively replicate the findings in NA, using an ANOVA to compare NA with participants diagnosed with ADHD.
Results
The CHANGE-score of 1 of the 32 components correlated significantly after Bonferroni correction with inattention errors (false negative errors; P < .001; r(1397) = 0.109), also see Figure 1B . No significant correlations were found for other components after correction, neither for false positive errors, reaction times, nor for variability in reaction time. The other networks obtained are visualized in S1-S9 in the Supplemental Material. Figure 1B visualizes the network (thresholded at 3 Z-scores) and its respective topographies in delta, theta, alpha, beta, gamma, and EMG bands. This network not only reflects localized activity but also the within and between EEG-frequency (anti-)correlations. Note the similarity between this network and the findings described earlier by Castellanos and colleagues 8 visualized in Figure  1A , where the vizualization of the low-frequency bands (delta and theta) overlap with the DMN network and the alpha and gamma band activity overlap with the TPN, thus suggesting this network may represent the interaction between the TPN and DMN. For the remainder this network will be referred to as DMN-TPN. Delta activity in the anterior cingulate and precuneus, and delta and theta activity in the medial prefrontal cortex were anticorrelated with delta and theta activity in the precentral and postcentral gyrus as well as with medial frontal alpha and gamma activity (see Figure 1B) . Since no significant activation was found in the 70-to 95-Hz band (EMG band) it is highly unlikely that the gamma activition was driven by muscle activity.
This DMN-TPN network was thus selected for subsequent analyses, validation, and replication. We compared 2 groups differing in sustained attention performance in order to facilitate further comparison with the independent ADHD sample. We chose to apply a median split method to deal with the small distribution of omission errors and to allow the prospective replication described in the following section, resulting in a threshold of 1 omission error. A group without errors (n = 704, 50.4%, ATT group) and a group with 2 or more errors (n = 320, 22.9%, NA group) were formed. These groups did not differ with regard to age (P = .792, F = 0.069; df = 1, 1022) or sex distribution (Males: for both groups: 46.6%, P = 1.0, 2-tailed Fisher's exact test). A repeated-measures ANOVA was performed on the ICA loading on the DMN-TPN, with within-subject factor Task (EO vs CPT) and between-subject factor Group. Results revealed a significant main effect for Task (P < .000; F = 57.280; df = 1, 1022), demonstrating an overall higher ICA loading on the DMN-TPN during task than at rest, and a significant interaction for Task × Group (P < .001; F = 20.460; df = 1, 1022), demonstrating a larger difference in ICA loading on the DMN-TPN between rest and task for the NA group than for the ATT group. In line, one-way ANOVAs comparing the groups (ATT vs NA) on network loading during EO and CPT separately, yielded no differences while comparing the CHANGE scores between groups yielded significantly higher CHANGE scores (mean = 1390, SD = 3300) for the NA group relative to the ATT group (mean = 350, SD = 3458; P < .001; F = 20.460; df = 1, 1022), with a Cohen's d effect size (ES) of d = −0.308, and equal variances between groups (P = .748, F = 0.103; df = 1, 1022, Levene's test). These findings illustrating the importance of change in network activation from rest to task (see Figure 2 , ATT vs NA). CHANGE scores were the same for both sexes (P = .227, F = 1.459, df = 1, 1022) and were unrelated to age (Spearman-Brown correlation, r = .004, P = .898).
Prospective Replication Study in ADHD
To assess the reproducibility of the previously described findings using an RDoC approach, as well as providing an ecological validation and clinical application, the findings were prospectively replicated in a clinical sample of 41 adolescent and adult participants with ADHD. As expected by definition of ADHD-if indeed tapping attention with the amount of omission errors made on the CPT paradigm-individuals with ADHD made significantly more omission errors compared to the healthy group (mean: 3.34 vs 1.06, nonparametrically comparing distributions [Mann-Whitney U test]: P < .001, U = 43887), see Figure S1 of the Supplemental Material. The NA subgroup, however, made an equal number of omission errors compared to individuals with ADHD (mean: 3.34 vs 3.45, P > .05, U = 5406.5). In line with the diagnosis-independent nature of RDoC, we thus hypothesized that the amount of change in loading on the DMN-TPN for the ADHD group would be identical to the NA group.
Based on the findings in healthy individuals, the CHANGE score of the DMN-TPN was selected for further analysis in the current sample. In line with the lack of an association with age for the total sample of healthy participants, there was no difference between adolescents (12-18 years) and adults (>18 years) with ADHD on the CHANGE scores (P = .854, F = 0.034, df = 1, 40). Therefore, adolescents and adults were merged into one group. As expected, the ADHD group was significantly younger (mean = 22.3 years, SD = 11.6) than the healthy controls (ATT group: mean = 43.5 years, SD = 18.3; NA group: mean = 43.2 years, SD = 18.5; P < .001, F = 26.582; df = 2, 1062), and differed on sex distribution (ATT group: males = 46.6%, NA group: males = 46.6%, ADHD group: males = 68.3%; P = .024, χ 2 = 3.742; df = 2, 1062; chi-square test). Pairwise group comparison for CHANGE scores with a 1-way ANOVA revealed a similar outcome for NA and ADHD (ES d = −0.110), as well as significantly higher CHANGE score for the ATT (mean = 350, SD = 3458) than ADHD group (mean = 1846, SD = 4860; P = .009; F = 6.886; df = 1, 743) with an ES of d = −0.355, see Figure 2 . These results suggest a diagnosis independent network, reflective of attentional task performance, in line with the RDoC framework.
Discussion
In the current study, we probed the default network interference hypothesis, according to which sustained attention is maintained as long as the DMN and TPN, work in an anti-correlated manner. 45 We employed ICA to the voxel domain of EEG recordings in a large population during resting state and during sustained attentional task performance similarly to ICA techniques applied to fMRI data in previous studies. The independent components of both conditions, reflecting brain regions that jointly increase or decrease activity consistently across subjects, were contrasted and correlated to behavioral performance in a large population. One of the components robustly correlated with inattention errors. This component was visualized by eLORETA as delta activity coming from the anterior cingulate and precuneus and delta and theta activity visualized in the medial prefrontal cortex, together anticorrelating with both delta and theta activity in the precentral and postcentral gyrus as well as alpha and gamma activity in the medial frontal cortex (see Figure 1) . Comparing this component with fMRI studies, we postulate that the delta and theta activity in the anterior cingulate, the medial prefrontal cortex, and the precuneus, reflect DMN activity (also see Canuet et al 46 ) whereas the anti-correlated delta and theta activity in the prefrontal gyrus area and alpha and gamma activity in the medial frontal cortex (MFC) reflect TPN activity. 47, 48 We therefore inferred that the obtained component reflects the interplay between the TPN and DMN and referred to it as the DMN-TPN. Optimal and suboptimal attentional performers on the attentional task were compared on DMN-TPN activity to allow for prospective replication and validation of the findings in clinical suboptimal attentional performers and an ADHD sample. As expected, based on the correlation, we observed a greater change in loading on the DMN-TPN from resting-state to sustained attention for suboptimal healthy performers relative to the optimal performers. This finding implicates a larger anticorrelation within the DMN-TPN component generated by eLORETA for suboptimal attenders relative to optimal attenders, thereby supporting the default network interference hypothesis, which states that the interplay between the areas is related to attentional performance. 5 A previous study showed that an EEG pattern peaking at theta and low alpha (both within our current theta band) was related to synchronization between fMRI determined visual network and DMN 49 and a difference was found in activity in the frequency bands below 18 Hz when comparing fMRI determined dorsal DMN and the sensorimotor network. 50 Results from these studies are largely in line with the current finding where the posterior and anterior cingulate component in the slow EEG frequency bands (delta and theta) seem to match up well with the DMN network.
Prospectively, replication/validation of these findings in a clinical sample with ADHD, showed a similarly large change score in the ADHD group as the suboptimal attender group, and significantly larger than the healthy optimal attenders. Inspection of the topography of the DMN-TPN (see Figure 1) shows a striking resemblance with fMRI findings observed and replicated in adults with ADHD 8, 13 in whom attenuated lower positive functional connectivity between posterior cingulate cortex and medial prefrontal cortex 13 and a disconnection between the anterior cingulate and posterior parts of the DMN, 8 was found.
The difference in DMN-TPN activity between optimal and suboptimal attentional performers reflects attentional variation on behavioral and physiological level. In line with the RDoC notion that attentional performance should be studied in a diagnosis independent way, a larger anticorrelation within DMN-TPN and attentional performance is found in both healthy suboptimal performers and the ADHD sample relative to healthy optimal performers. Therefore, the current study provides insight into the anticorrelated activity in the electrophysiological frequency domain, observed in attentional performance, a domain not studied in fMRI studies. Inferences on how anticorrelations change are however not possible. The change in anticorrelation is either driven by a reduced DMN-TPN anticorrelation as proposed in earlier studies, [8] [9] [10] [11] [12] [13] 45, 51 or by a reduced correlation within one of the networks, as suggested by Castellanos et al. 8 Regardless of the underlying process at work, our results suggest an interplay between low (delta, theta) and high (alpha, gamma) EEG frequencies in specific brain areas over a large group of subjects that needs to be kept online during an attentional task condition, irrespective of clinical diagnosis. A limitation and suggestion for future studies is that the CPT task used in this study was for most healthy controls not difficult enough, hence resulting in a relatively large ATT group. Having induced little attentional fluctuation, it can be questioned whether differences between ATT and NA could have probed the default network interference hypothesis as aimed. Results suggest that it did, but future research should use other paradigms to verify these findings. Future studies might use a more difficult version of the CPT (eg, 2-back or 3-back version) to result in more errors for healthy controls and thus a better resolution, which could also facilitate within-subject analysis with error versus nonerror as contrast. In addition, future studies should further investigate the cross-frequency coupling between the ROIs we found in the time domain. Furthermore, the multicenter nature of the current dataset enriched our analyses by maximizing generalizability of the results. It however also restrained our analyses by having to eliminate multiple power grid frequency bands, not allowing for analyses in the high-gamma frequency-range. High gamma, however, has been associated with attention and memory 52 and therefore should be investigated in future research including advanced methods to disentangle EMG activity from high-gamma activity. Also, the currently analyzed loadings are characterized by very high variance. Future research could implement subject-wise scaling making the sum of squares of loadings 1, making them independent of absolute powers of each subject, facilitating interpretability.
In conclusion, we were able to identify an independent component reflecting anticorrelated activity in different brain regions and frequency bands related to sustained attentional performance that is sex and age independent, and replicates in a clinical ADHD population with impaired sustained attention. To our knowledge, this is the first study that applies eLORETA-ICA in a large sample spanning the full age range, where the obtained component is actually validated to behavioral task-performance, and cross-validated in a clinical population. Future studies should replicate the current findings in other populations known to be suffering from attentional problems (ie, depression) and concomitant changes posttreatment to further validate the claim that our findings are diagnosis independent and to address specificity. Furthermore, assigning the role of DMN and TPN to the obtained networks in this study needs further validation and requires future studies using simultaneous EEG-fMRI. Especially since the number of electrodes has been shown to influence the detection of brain networks. 22 Future studies should investigate in more detail what the exact nature is of the interplay within this DMN-TPN. Investigating specific factors that may impact the DMN-TPN could elucidate possible causes for sustained attention problems. The role of sleep restriction, being implicated in attention in healthy volunteers 53 as well as in ADHD, 32,54 could be such a factor to investigate further.
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